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Element of the transfer matrix ) (= j : sin ( k m y ) cos (k,,y) dy I. INTRODUCTION ALLIUM ARSENIDE (GaAs) MESFET has become G a very important device for high-speed IC and microwave applications. The MESFET device with a gatelength of quarter-micrometer has been fabricated [ 11, but the characteristics of the scaled-down devices are shown to be significantly affected by the two-dimensional field distribution, resulting in a strong threshold-voltage shift and finite saturation conductance. These two-dimensional effects have not been properly considered in previously published analytic I-V models [2]- [6] . Recently, an analytical I-V model for the non-self-aligned MESFET device has been proposed [7] by solving the 2D Poisson's equation using a trial-function method. However, this model does not exactly consider the boundary conditions at the free surface and the bias-dependent parasitic source and drain resistances [8] , [9] . Moreover, a nonphysical adjusting parameter must be used to correlate the source (drain) parasitic resistance with bias, resulting in large discrepancy between calculated results and experimental data in the knee region. More recently, an analytical model considering the two-dimensional field distribution at the drain side under the gate has been developed [lo] . However, this model is not applicable for short-gatelength MESFET devices because the effect of thresholdvoltage shift cannot be described by this model.
The primary problem for modeling the turn-on I-V characteristics of a short gate-length MESFET is that the strongly coupled nonlinear partial differential equations must be solved simultaneously, and this makes the development of the analytic model difficult. The purpose of this paper is to develop a 2D analytic model for describing the effect of 2D potential distribution on the I-V characteristics of a MESFET device operated in the turn-on region. Based on the derived 2D potential distribution, a new analytic I-V model for short gate-length MESFET's is developed and compared to the results of 2D numerical analysis. The major features of our model are: 1) the Green's function solution technique for the 2D Poisson's equation is adopted and further simplified to obtain 2D potential distribution contributed by the depletion-layer charges in the ungate region [ 111; 2) the potential distribution contributed by the depletion-layer charges under the gate is only part of the 2D potential distribution and can be calculated by conventional ID approximation [ 
121;
3) the bias-dependent parasitic source and drain resistances due to the formation of the depletion layer in the ungate region for non-self-aligned MESFET's are considered in the developed I-V model.
In Section 11, the basic equations and boundary conditions for different MESFET structures are described. Moreover, a simplified solution based on the Green's function solution technique for the 2D Poisson's equation is proposed. In Section 111, a new I-Vmodel is developed, and an iterative method is used to determine the channel potential and the drain current self-consistently . In Section IV, the derived channel potential and I-V characteristics of the developed model are compared with those calculated by 2D numerical analysis and conventional Gradual-Channel Approximation (GCA) [ 121. Moreover, the effects of the bias-dependent parasitic resistances on the I-V characteristics of MESFET's are also discussed in this section. Finally, conclusions are given in Section V.
A SIMPLIFIED ANALYTICAL MODEL FOR THE 2D
POTENTIAL DISTRIBUTION The threshold voltage is one of the key design parameters for a MESFET device. It is known that the threshold voltage of a short gate-length MESFET is different from that of a long gate-length device due to the 2D effects. However, the mathematical treatments of the 2D partial differential equations such as the Poisson's equation and the current continuity equations are complicated and make the development of a simple analytical model difficult. Therefore, the understanding of the 2D effects is very important for developing a simple analytical model. In this section, an analytical solution of the 2D Poisson's equation based on the Green's function solution technique [ l l] and the conventional ID approximation [ 121 is developed for a MESFET operated in the turn-on region.
The cross-sectional views for both non-self-aligned MESFET and self-aligned MESFET devices operated in the turn-on region are shown in Fig. l(a) and (b), respectively, where the x-coordinate represents the direction along the surface and the y-coordinate represents the direction perpendicular to the surface. From the 2D analysis using the Green's function solution technique [ 1 I] and the boundary conditions shown in Fig. l(a) , the 2D potential under the gate can be expressed by
where \k,(x, y ) is the component of the potential distribution contributed by the depletion-layer charges under the gate and \k,(x, y ) is the component of the potential distribution contributed by the depletion-layer charges in the ungate region.
Following the conventional analysis, \k,(x, y ) can be calculated by the conventional 1 D approximation It should be noted that the approximation in (2) is based on the fact that the depletion-layer thickness under the gate h (x) is a slowly varying function along the channel.
The channel potential is obtained by setting the integra-Note that */(x, y ) almost decays exponentially due to the termination of the electrical flux by the gate metal, as shown in Fig. 1 . This component of the potential distribution is very important for modeling the saturation behavior and the short gate-length effect of a MESFET.
From the numerical analysis, it is known that the first term of Fourier series in (4) is a dominant term for describing *,(x, y ) at the gate edge because the higher order terms of * l ( x , y ) decay rapidly. Therefore, (4) can be As a result, the accurate channel potential can be obtained from (3)-(5), and is expressed by where AS, and AY in (6) must be predetermined before calculating the two-dimensional potential distribution for a given h ( x ) . These coefficients are mainly due to the 2D effects induced by the depletion-layer charges in the ungate region. Thus the values of A ; and AY depend on the source/drain structure. According to different source/drain structures, the calculations of A i and A? for both selfaligned and non-self-aligned structures can be obtained.
Since the lateral electrical flux is completely terminated by the n+-region for a self-aligned structure and the electrical field in the n+-region is negligible, thus the potential distribution at the source (drain) side can be written as 9 (x, 0) = 0 and \k (x, L,) = Vds. Substituting the above boundary conditions into (6) and performing the Fourier transformation, A;' and A ; for a self-aligned MESFET operated in the subthreshold region can be expressed as where the superscript a is used to denote the self-aligned structure and B, G 1.03 Vp for uniform doping profile.
The linear dependence of AS,(,) for a self-aligned MES-FET on the voltage drops can be found in (7). However, the complexity for modeling A of a non-self-aligned MESFET is raised by the boundary conditions in the ungate region. A simplified technique based on the Green's function solution technique has been developed [ 1 13 to calculate A ; and A;' when the device is operated in the subthreshold region. Based on this method, AS, and AY can be written as tion. The dependence of these coefficients on bias conditions can be extracted from the results of numerical analysis by the following expression derived from (1):
where 
2E
The above coefficients are used to model the effects of nonuniform doping profile. For the uniform profile case, these coefficients can be derived as: a l = -0.77, bl = 1.26, c1 = 0.33, and VI = 0.67Vp.
Further simplification with a l = u2 can be made by assuming l/sinh (klL,) z 0. As a result, (8) and (9) can be rewritten as where the superscript n is used to denote the non-selfaligned structure; AV, = Vb; -Vg, + ZdsR, and AVd = Vb; -Vgs + Vds -Zd,(Rs + Rd) are the potential drops across the depletion layers between the gate and the source and the drain, respectively. It should be noted that the calculations of these coefficients become complicated because the mobile carriers will contribute to 9 , ( x , y ) when the device is operated in the tum-on region. Checking the results of 2D numerical analysis is very important for making a proper assumpwhere 9 (x, y ) and 9, ( x , y ) are obtained from the results of 2D numerical analysis. It is noted that the lateral electric field at both sides of the gate is originally induced by the depletion-layer charges between the gate and the source (drain). The magnitude of A;'d' can be reasonably expressed as a function of the voltage drop between the gate and the source (drain) side of the depletion layer AV,( A Vd). The numerical results of (12) versus the voltage drop across the depletion layer between the gate and the drain are indicated by the solid line in Fig. 2 . The discrepancy of A;' between the device operated in the saturation region and that operated in the subthreshold region is mainly due to the component of the potential distribution contributed by the mobile carriers. However, it is interesting to note that this discrepancy is not obvious due to the fact that the mobile carriers in the high-field (high-velocity) region are small in order to keep a constant channel current. Since the contribution from the mobile carriers to the Fourier coefficients at the sidewall is not important, the mobile carriers can be neglected in the calculation when the device is operated in the saturation region. Another feature, which can be obtained from The results of (13) are shown in Fig. 2(a) and (b) as indicated by the broken lines with an asterisk for non-selfaligned and self-aligned MESFET's, respectively. It is clearly seen that the results are acceptable from the viewpoint of simplifying the mathematical treatment. 
THE I-V MODEL
It is noted that the electron-density distribution n(x, y ) must be self-consistently calculated by including 2D current continuity equations. In general, the self-consistent calculation can only be obtained by using numerical analysis. In order to obtain an analytical solution, some reasonable approximations are made. The first approximation is that the current flow in the y-direction can be neglected, which is valid for modem devices with channel thickness smaller than the channel length. The second approximation is that the variation of electron mobility versus the y-position can be neglected for simplicity. The other approximations used are the abrupt depletion edge and the quasi-neutral condition in the channel region. Based on these approximations, the drain current can be expressed as
where It is well known that the accurate I-V model is strongly dependent on the mobility model. The choice of a suitable form for the mobility is not only important for an accurate description of physical phenomena in short gate-length MESFET's but also necessary for simplifying the mathematical treatment. In general, the electric field perpendicular to the current flow is very weak for a MESFET device operated in the tum-on region and, therefore, the dependence of carrier mobility on the perpendicular electric field can be neglected. The mobility model used in our developed I-V model is expressed by
for E > E,.
Note that the carrier mobility expressed in low field and high field are described by (I8a) and (18b), respectively. The parameters U , and K , can be eliminated by equating ( 1 8a) and (1 8b) and the differentiations of (1 8a) and (1 8b) with respect to E at E = E,. .
Rearranging (21), the following equation can be obtained:
where h(x) can be calculated from (6) in terms of q C ( x ) , sinh ( k , x ) ) 11/ * sinh (k,Lg) for 0 I x I Lg.
-A;'
It should be noted that the depletion-layer thickness in the ungate region is bias-dependent for a non-self-aligned MESFET. The bias-dependent parasitic source and drain resistance due to the formation of the depletion layer in the ungate region can be calculated by assuming the cylindrical shape as shown in Fig. l(a) and can be expressed as
Using (17) 
where f (v,) can be expressed as for U , < U,
Note that although the mobility model expressed in ( 1 8) is used to describe the electron behavior in the semiconductor, other types of the mobility model can be also treated by (25) provided that the inverse function of the mobility can be calculated. \E,@) can be obtained by performing the integration of (25) and Ids must be determined by matching to the bias condition iteratively, i.e.,
VdS (28)
The series resistances (R, and R d ) used in (27) and (28) are calculated from the structure of the MESFET device. For a non-self-aligned MESFET, R, and R , can be expressed as and For a self-aligned MESFET, R, and Rd are negligibly small due to the heavy doping in the source and drain regions. The drain current for the device operated in the saturation region can be calculated by (26) and the channel field will become infinite when the electron drift velocity reaches U , / . The determination of the saturation current is the same as the condition of channel pinch-off used in the conventional I-V model.
IV. RESULTS A N D DISCUSSIONS
In order to demonstrate the validity of the proposed new model, a 2D device simulator [ 131 based on the conventional semiconductor device equations is used to verify the accuracy of the developed model in this section. Comparisons of the channel potential among the results of numerical analysis, conventional 1D approach, and proposed new model (6) for different gate lengths are shown in Fig. 3 , where the charge density distribution p ( x , y) used in these calculations are obtained from the results of 2D numerical analysis. It is clearly seen that large discrepancy between conventional 1D approach and 2D numerical analysis is mainly due to the penetration of the lateral field contributed by the depletion-layer charges in the ungate region. However, satisfactory agreements between the 2D numerical analysis and the new model are obtained because the lateral field due to the depletion-layer charges at both sides of the ungate region as expressed in (6) has been considered. It is clearly shown that the channel potential calculated by (6) is valid for the gate length down to quarter-micrometer range.
In order to show the validity of the proposed analytical I-V model, comparisons between the developed analytical I-V model and the 2D numerical analysis are made for a non-self-aligned structure and are shown in Fig. 4 for the gate lengths varied from 1.0 to 0.3 pm. It is clearly seen that good agreements are obtained even for the gate length down to 0.3 pm. Note that the device parameters including those in the mobility model are known in the 2D numerical analysis, therefore no fitting or adjusting parameters are used to compare the results between the proposed new model and the 2D numerical analysis. The slight discrepancy for 0.3-pm gate-length device is mainly caused by overlooking the potential distribution contributed by the mobile carriers in the saturation region. However, the discrepancy is not obvious for the calculated I-V characteristics even for a MESFET with a gate length in the quarter-micrometer range.
Comparisons between the proposed analytical I-V model and the experimental data for a non-self-aligned GaAs MESFET with gate lengths of 1.0 and 0.5 pm are shown in Fig. 5(a) and (b) , respectively, and the parameters used in the proposed analytical model are shown in Table I . Note that the parameters used in Table I, validity of our proposed mobility model for practical GaAs MESFET devices. From our experimental MESFET devices, the effect of differential negative mobility observed from GaAs crystal does not occur. The major reason is that the series parasitic resistance due to the ungate region and the channel of a non-self-aligned structure may smear out the effects of the high drift velocity part of the mobility model with the differential negative mobility characteristic. Therefore, the proposed mobility model can very well simulate the I-V characteristics of practical shortchannel GaAs MESFET devices.
Comparisons between the proposed analytical I-V model and the 2D numerical simulation for a self-aligned MESFET with 0.5-pm gate length are shown in Fig. 6 , in which it is shown that the 2D effects in a self-aligned MESFET are much stronger than those in a non-selfaligned MESFET. It is clearly seen that good agreements between the proposed analytical I-V model and the 2D numerical analysis are also obtained for a self-aligned structure. Comparisons between the proposed new I-V model and the model calculated by using the conventional Gradual-Channel Approximation (GCA) [ 121 for a 1.0-pm gate-length device are shown in Fig. 7 . It is clearly seen that the difference becomes very large when the device is operated in the saturation region. This implies that the saturation behavior of a MESFET device is strongly affected by the 2D potential distribution.
In order to demonstrate the effects of Bias-Dependent Parasitic Resistance (BDPR) due to the formation of the depletion layer between the gate and the source (drain) on the I-V characteristics of non-self-aligned MESFET's, the results with and without BDPR are compared for 0.5-pm gate-length devices, as shown in Fig. 8 . It is clearly shown that the effects of the BDPR cannot be neglected for a non-self-aligned MESFET. of the conventional 1D approximation is that the penetration of the lateral electric field contributed by the depletion-layer charges in the ungate region is overlooked for both non-self-aligned and self-aligned MESFET's. This lateral electric field is shown to play an important role on the short gate-length effects of a MESFET. In order to accurately model the I-V characteristics of a short gatelength MESFET, the effect of the penetration of the lateral field from both sides of the gate is considered in the proposed 2D analytical model by using a simplifying 2D analysis based on the Green's function solution technique. Furthermore, the bias-dependent parasitic source and drain resistances are also taken into account in the proposed I-V model for a non-self-aligned MESFET.
From comparisons between the proposed analytical model and the 2D numerical analysis, it is shown that the I-V characteristics of short gate-length MESFET's can be well predicted by the proposed model. Moreover, from comparisons between the proposed analytical model and the experimental I-V characteristics, it is shown that the proposed mobility model is valid for practical GaAs MES-FET devices.
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